Introduction
Plant cellulose has a hierarchical structure with hemicelluloses and lignin in cell walls, forming natural composites at the nanometer/micrometer levels. The smallest elements next to cellulose molecules are cellulose microfibrils 3 nm and several microns in width and length, respectively (Fig. 1) . Each cellulose microfibril consists of 30-40 fully extended cellulose chains, and forms crystalline structures with some disordered regions periodically present along the longitudinal direction of cellulose microfibril. Thus, cellulose microfibrils are unique bio-based and reproducible nanofibers most abundantly present and annually accumulating on earth. However, numerous inter-fibrillar hydrogen bonds are present between cellulose microfibrils, forming cellulose microfibril bunds, in plant cellulose fibers, which generally isolated and purified from wood chips by chemical pulping and subsequent multistage bleaching treatments. Hence, it has been difficult to efficiently separate and isolate individual cellulose microfibrils from wood cellulose fibers without serious damages, such as yield loss and reduction of molecular mass.
In 1980s, Turbak et al. have developed a preparation method of aqueous microfibrillated cellulose (MFC) dispersions from wood cellulose fibers by repeated high-pressure homogenization in water 1) , and Daicel Corp. in Japan started commercial production of MFCs in 1980s to be used as fillers in composites and filters in food industry. MFCs consist of fibers and fibrils at the nano-and micro-meter levels. In 1990s, preparation and characterization of cellulose nanocrystals (CNCs) have been reported primarily in research groups in Canada and France 2) . CNCs are prepared from wood, cotton, and highly crystalline bacterial and algal celluloses generally by acid hydrolysis with aqueous 64 % H2SO4 at high temperatures, and are obtained in the yields of 40 %. The disordered regions present in cellulose microfibrils are preferentially hydrolyzed and removed as acidic water-soluble fractions to form spindle-like or rod-like CMCs with low average aspect (length/width) ratios.
Nanocelluloses with widths of 100 nm are prepared from abundant plant celluloses with or without chemical, enzymatic or physicochemical pretreatment by mechanical disintegration in water, and thus are bio-based and reproducible nanomaterials. In the 21st century, preparations and characterizations of various nanocelluloses and nanocellulose-containing composite materials have been extensively and intensively studied, and some of them have unique optical/mechanical/thermal/gas-barrier/catalytic properties applicable to high-tech material fields. In our laboratory, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidations of various polysaccharides including celluloses have been studied from 1995, and found to be the most efficient pretreatment for native plant celluloses to be converted to completely individual TEMPO-oxidized cellulose nanofibers (TOCNs) with homogeneous 3 nm widths and high aspect ratios. In this review paper, our recently reported papers concerning the following fundamental studies of fibrous TEMPO-oxidized celluloses (TOCs) and TOCNs are summarized and introduced: (1) determination of absolute molecular masses/molecular mass distributions of TOCs and TOCNs, (2) determination of aspect ratios of TOCNs from intrinsic viscosities of dilute TOCN/water dispersions, (3) simple and efficient surface hydrophobization of the originally hydrophilic TOCNs by counterion exchange treatments, and (4) preparation and characterization of transparent TOCN aerogels with low densities, high specific surface areas, low thermal conductivities and high mechanical performances.
In the 21st century, new preparation, characterization and application studies of nanocelluloses have been extensively carried out from various aspects such as machinery, chemistry, physics, physical chemistry and plant biology in association with remarkable improvement in world-wide nanotechnology and nanoscience. The term "nanocellulose" consists of both CNCs with low average aspect ratios ( 100) and cellulose nanofibers (CNFs) or nanofibrillated celluloses (NFCs) with high average aspect ratios of 100. In particular, various chemical, enzymatic, physicochemical and mechanical pretreatments of wood cellulose fibers have been reported to decrease energy consumption during mechanical fibrillation process in water to prepare nanocelluloses more efficiently and cost-effectively 3), 4) . Some review papers summarizing fundamentals and applications of nanocelluloses have already been reported elsewhere
. In our laboratory, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation of various celluloses has started after the first paper concerning TEMPOmediated oxidation of water-soluble poly saccharides was reported in 1995 by a research group in the Netherland 8) . TEMPO is a water-soluble, Ames testnegative, commercially available and stable nitroxyl radical. The advantageous points of TEMPOmediated oxidation are; (1) the oxidation takes place position-selectively at the primary hydroxyl groups in polysaccharides to form sodium carboxylate groups via aldehydes, and (2) this oxidation is generally accomplished at room temperature in aqueous media within 2 h without using any organic solvent. When catalytic amounts of TEMPO and NaBr are applied to celluloses with NaClO used as a primary oxidant in water at pH 10 and room temperature, water-insoluble regenerated celluloses (such as viscose rayon fibers) quantitatively turn to water-soluble cellouronic acid sodium salts (or [1 4 ]-β-linked polyglucuronates Na salt) with a homogeneous chemical structure through complete oxidation of C6-OH groups of glucosyl units to sodium C6-carboxylate groups via C6-aldehydes (Fig. 2) 9) .
Preparation of TEMPO-oxidized Cellulose Nanofibers from Native Celluloses
When the TEMPO/NaBr/NaClO oxidation in water at pH 10 is applied to native celluloses such as wood, cotton, bacterial and algal cellulose with the cellulose I crystal structure, no water-soluble oxidized products are obtained even after oxidation under harsh conditions 10) . H ow ev e r, s i g n i fi c a n t a m o u n t s o f s o d i u m C6-carboxylate groups are formed in the TEMPO-oxidized native celluloses, although the original fibrous and other morphologies are maintained before and after the oxidation. When softwood celluloses (i.e., bleached softwood kraft pulps containing 90 % and 10 % cellul o s e a n d h e m i c e l l u l o s e s , r e s p e c t ive l y, w i t h a carboxylate content of 0.01 mmol/g) are used as starting materials, the maximum contents of sodium C6-carboxylate groups in the oxidized celluloses formed by the TEMPO/NaBr/NaClO system in water at pH 10 reach 1.7 mmol/g after reaction for 90 min. No further increases in carboxylate content are observed for the TEMPO-oxidized wood celluloses even after extended oxidation time. Thus, the carboxylate content increases 170 times as much as that of the .
The maximum carboxylate contents formed in the TEMPO-oxidized native celluloses (TOCs) vary from 0.5 to 1.7 mmol/g, depending on the starting native celluloses: 0.5, 1.1 and 1.4 mmol/g for algal, bacterial and cotton celluloses, respectively. Although significant amounts of carboxylate groups are present in the TOCs, the original crystallinities and crystal sizes of cellulose I are unchanged before and after the oxidation. Based on these results, it has been concluded that C6-carboxylate groups are formed position-selectively from C6-OH groups exposed on the crystalline cellulose microfibril surfaces during oxidation without any oxidation inside the cellulose crystallites. In the case of wood celluloses 3 nm in width, every one of two glucosyl units of the cellulose chain present on the microfibril surfaces is oxidized to the sodium C6-carboxylate groups ( Fig. 3) 
11) 13)
. When wood TOCs with C6-carboxylate contents of 1 mmol/g are mechanically disintegrated in water using ultrasonic and/or high-pressure homogenizers under mild conditions, the aqueous TOC slurries turn to highly viscous and transparent gels, consisting of TEMPO-oxidized cellulose nanofibers (TOCNs) homogeneous 3 nm in width and several microns in length. Thus, complete individualization of wood cellulose microfibrils shown in Fig. 1 can be achieved by introducing anionic C6-carboxylate groups selectively, regularly and densely on the crystalline wood cellulose microfibril surfaces by the TEMPO-mediated oxidation (Fig. 4) 
11),14) 17)
. Osmotic effects and/or electrostatic repulsion effectively work between anionically charged TEMPO-oxidized cellulose microfibrils in water, thus resulting in the formation of completely individualized TOCNs. Not only the TEMPO/NaBr/NaClO system in water at pH 10, the TEMPO/NaClO/NaClO2 system in water at pH 7 and TEMPO electro-mediated oxidation in water at pH 7 without using any chlorinecontaining primary oxidant have been proposed to prepare wood TOCNs with characteristic features 18) 20) . Because TOCNs prepared from native celluloses by TEMPO-mediated oxidation have high tensile strengths and Young's moduli of 3 GPa and 140 GPa, respectively 21), 22) , remarkable and efficient improvements in mechanical and other properties have been achieved for various TOCN/polymer, nanoclay/TOCN, carbon nanotube/TOCN, TOCN/glass fiber and nanometal particle/TOCN composites 23) 33) . Moreover, self-standing TOCN films, which are prepared by casting the TOCN/water dispersions and drying, have high oxygen barrier properties and low thermal expansion coefficients, owing to unique self-assembly nature of surface-anionic TOCN elements in water 34), 35) . In this review paper, some of our results recently reported are summarized and introduced.
D e t e r m i n a t i o n o f M o l e c u l a r M a s s a n d Molecular Mass Distribution of TOCs and TOCNs
Because fibrous wood TOCs and TOCNs consist of cellulosic polymers, accurate information concerning average molecular masses and molecular mass distributions of TOCs and TOCNs is required for uses to understand their fundamental data for applications as functional nanomaterials 36) . However, because not only p u r e c e l l u l o s e m o l e c u l e s b u t a l s o p a r t l y C6-carboxylated cellulose molecules are mixed and present in TOCs and TOCNs, they have heterogeneous chemical structures. Thus, there have been no suitable solvents for TOCs and TOCNs applicable to size-exclusion chromatography combined with multi-angle laser-light scattering analysis (SEC-MALLS), which can provide absolute molecular mass parameters together with molecular mass distributions of polymers 37) 39) . Based on some model experiments, we confirmed that position-selective methyl esterification of C6-carboxyl groups of water-soluble TEMPO-oxidized polysaccharides can be achieved with trimethylsilyldiazomethane [(CH3)3SiCHN2] in N,N-dimethylacetamide (DMAc) containing a small amount of methanol 40) , 41) , without any changes in average molecular mass and molecular mass distribution of the original polysaccharides. The methyl-esterified TOCs and TOCNs become soluble in 8 % LiCl/DMAc, which has been used as the most suitable solvent system for celluloses before being subjected to SEC-MALLS analysis. The experimental scheme for TOCs and TOCNs to be subjected to SEC-MALLS analysis through methyl esterification is illustrated in Fig. 5 42), 43) . When TOCs were prepared from a wood cellulose by TEMPO/NaBr/NaClO oxidation system in water at pH 10 with various amounts of NaClO added, the peak position in the molecular mass distribution shifted to the lower molecular-mass direction as the amount of NaClO added was increased (Fig. 6) . The shoulder peak present in the molecular mass-distribution patterns of the original and some TOCs, as a lower molecular mass fraction, is due to the original and partly oxidized hemicelluloses slightly present in these samples. The changes in weight-average molecular mass of TOCs prepared by TEMPO-mediated oxidation of the wood cellulose under various conditions and those of TOCNs prepared from TOCs in water for various sonication times are summarized in Fig. 7 . The molecular mass value of the original wood cellulose remarkably decreased with increasing the amount of NaClO added and that of TOC further decreased as the sonication time was extended. These decreases in molecular mass may have more or less influence on average lengths and length distributions of TOCNs. Thus, it is necessary to efficiently control molecular masses and molecular mass distributions of TOCs and TOCNs and also to prevent remarkable depolymerization of TOCs and TOCNs by controlling oxidation and sonication conditions. 
Determination of Aspect Ratios of TOCNs from Intrinsic Viscosities of Dilute TOCN/Water Dispersions
The average lengths and length distributions of TOCNs are also significant measures for understanding fundame ntal propert ies of TOC Ns an d TOCNcontaining composite materials. In the case of nanofiller/polymer composite materials, the aspect ratios of nanofillers primarily govern the mechanical properties of the composites or significantly influence the appearance of their nano-reinforcement effects 44) . The higher the aspect ratio of the nanofiller present in composite materials, the more efficiently the mechanical properties of the composites are improved (i.e., the mechanical properties are efficiently improved with smaller amounts of nanofiller added). The TOCN lengths and length distributions have been measured from hundreds of TOCN elements individually present in their transmission electron microscopy (TEM) or atomic force microscopy (AFM) images, although these methods are time-consuming, have some limitation for long TOCNs, and needs high skills especially to obtain high quality TEM images. Because most of cellulose nanofibers with high aspect ratios other than TOCNs have heterogeneous widths and consist of bundles of cellulose microfibrils at the various aggregation levels as well as heterogeneous network structures, it is difficult to evaluate accurate average widths and lengths of these cellulose nanofibers from their TEM or AFM images or shear viscosities of the dispersions 45) 47) . In contrast, TOCNs are completely separated to each other in water and have homogeneous widths of 3 nm. Thus, the average lengths of TOCNs can be determined from shear viscosities of dilute TOCN/water dispersions, based on the Doi-Edwards theory for rigid polymers dissolved in good solvents 48) . In fact, the TOCN lengths measured from their TEM images have a linear relationship with those calculated from their shear viscosities in dilute aqueous dispersions 49) . TOCNs with different average lengths were prepared from a wood cellulose by controlling TEMPO-mediated oxidation and sonication conditions, and CNCs with different average widths and lengths were prepared from wood, cotton and algal TOCNs by dilute acid hydrolysis ( Fig. 8 and Table 1 ). Shear viscosities of these TOCN and CNC samples dispersed in water were then measured using a rheometer to obtain their intrinsic viscosities (Fig. 9) . Thus, as long as the intrinsic viscosities of aqueous TOCNs and TOCNderived CNCs dispersions are obtained from their shear viscosities, their aspect ratios can be calculated empirically using the equation shown in Fig. 9 Samples A-G correspond to those in Table 1 . of the widths and rigidity or flexibility of the nanocelluloses 59) . Here, the TOCNs and TOCN-originating CNCs have to be completely nano-dispersed at the individual element level in aqueous dispersions for calculation of the aspect ratios. As described previously, because the average aspect ratios of nanocelluloses primarily influence the resultant mechanical properties of nanocellulose-containing composite materials 44) , the relationship obtained in Fig. 9 are significant for anticipation of improvements in mechanical properties of TOCN-containing composite materials.
Efficient Hydrophobization of TOCN Surfaces
B e c a u s e s i g n i fi c a n t a m o u n t s o f s o d i u m C6-carboxylate groups are present on the crystalline cellulose microfibril surfaces in TOCs, completely nanodispersed TOCNs can be obtained from TOCs by gentle mechanical disintegration treatment in water, when the carboxylate contents are more than 1 mmol/g for wood TOCs. However, these hydrophilic sodium carboxylate groups in turn cause remarkable decreases in mechanical and oxygen-barrier properties of TOCNs and TOCN-containing composite materials under humid conditions. Moreover, most of polymer plastics are hydrophobic, and thus it has been generally difficult to achieve sufficiently nano-dispersed distributions of hydrophilic TOCN elements in hydrophobic matrix polymers by thermal molding, and hydrophilic TOCNs are prone to formation of large agglomerates in the hydrophobic polymer matrices, resulting in no or quite low improvement in mechanical properties of the composite materials. Thus, efficient and complete switching function from hydrophilic TOCNs to hydrophobic TOCNs is required in some cases to add hydrophobic nature to TOCNs and to improve their water-and/or moisture-resistant properties. Because abundant sodium C6-carboxylate groups are present on the TOCN surfaces, simple ion-exchange from TOCs _ COONa to TOCNs _ COONR4 containing tetra-alkylammonium counterions through TOCs with protonated carboxyl groups (TOCs _ COOH) were studied 60), 61) . Figure 10 shows the scheme to prepare TOCN _ COOQA (QA: quaternary alkylammonium ions) nanodispersible in both water and some organic solvents, prepared from fibrous TOCs _ COONa. The counterions of the original TOCs _ COONa are first converted to protons (TOCs _ COOH) by adding a dilute HCl solution to the fibrous TOCs suspended in water. After washing with water by filtration, an equimolar amount of QA hydroxide to carboxyl groups was added to the aqueous TOC _ COOH slurry for neutralization. Tetramethyl-, tetraethyl-, tetra-n-propyl and tetra-n-butylammonium hydroxides were used in this study. FT-IR analysis of the dried TOC _ COOQA samples revealed that almost all protonated carboxyl groups originally present in the TOCs _ COOH were stoichiometrically converted to TOCs _ COOQA by this method. The nano-dispersed TOCNs _ COOQA can be prepared by (Fig. 11) . Complete dispersions of TOCNs _ COOQA in solvents at the individual nano-element level can be confirmed from transparency of the dispersions and birefringence when the dispersions are observed between cross-polarizers 62) . The TOCN _ COOQA films prepared from the aqueous TOCN _ COOQA dispersions by casting and drying had high light-transparencies, although the film surfaces consisted of TOCN elements as shown in the AFM image of Fig. 12 . Typical strain-stress curves of the TOCN _ COOQA films are shown in Fig. 13 ; the tensile properties of the films are controllable by selecting alkyl groups of QAs introduced into TOCNs as carboxylate counterions. The time-dependent water-contact angles on the TOCN _ COOQA film surfaces are depicted in Fig. 14 together with some photos. The watercontact angle increased from 60° for the TOCN _ COONa film to 100° by introducing tetra-n-butylammonium groups into the TOCN as counterions of carboxylate groups. Thus, the hydrophilic nature of TOCN _ COONa is switchable to be hydrophobic by simple and efficient counterion exchange from sodium to tetra-alkylammonium ions in aqueous media 60),61)
.
TOCN Aerogels with High Transparencies and Heat Insulating Properties
Because abundant anionic C6-carboxylate groups are present on the TOCN surfaces, TOCNs form selfassembled and nematic-ordered liquid crystallinedomain structures in water, resulting from electrostatic repulsions efficiently working between TOCNs in aqueous TOCN dispersions. These nematic-ordered structures in turn cause high-gas barrier properties of selfstanding TOCN films by closest packing between the TOCN elements in the dried films 34) , which have very Taken with and without cross polarizers. small average pore sizes ( 0.47 nm) determined by positron-annihilation lifetime spectroscopy 35) . When a dilute acid is added to the aqueous TOCNs _ COONa dispersions, the fluid TOCN dispersions turn to highly stiff TOCN _ COOH hydrogels even at low TOCN contents such as 0.1 % (i.e., 99.9 % water). Because birefringence is observable for these TOCN _ COOH hydrogels, the nematic-ordered domain structures present in the original TOCN _ COONa dispersions are also maintained in the TOCN _ COOH hydrogels 63) . When these TOCN _ COOH hydrogels were dried using a supercritical dryer system after solvent exchange from water to liquid CO2 through ethanol, transparent TOCN _ COOH aerogels with very low densities of 4-40 mg/cm 3 , high porosities of 98.1-99.7 %, large specific surface areas of 500-600 m 2 /g and high mechanical strengths were obtained (Fig. 15) 64) . These unique properties of TOCN _ COOH aerogels are explained in terms of the following three factors; (1) the aerogels consist of TOCN elements with high tensile properties 21), 22) , (2) the TOCN elements in the aerogels form aligned structures owing to the nematic-ordered structures originally present in the aqueous TOCN dispersions 63) , and (3) formation of TOCN agglomerates during drying process can be prevented as much as possible in the aerogels. Although some nanocelluloserelated aerogels have been prepared by various procedures 65) 71) , TOCN _ COOH aerogels prepared in our laboratory are superior to other nanocellulose aerogels in terms of low density and high specific surface area, and optical, mechanical and thermal properties.
The TOCN _ COOH aerogels had thermal conductivities lower than air (Fig. 16) . The lowest thermal conductivity was 0.018 W/mK for the TOCN _ COOH aerogel with a density of 17 mg/cm 3 . This value is close to that of silica aerogels (0.015 W/mk) 64) . Thermal insulators, catalyst supports and drug carries are the most promising application fields of aerogels, and various silica-based aerogels and their composites have been studied for this purpose 72) 76) . However, these silica-based aerogels are brittle, whereas the TOCN _ COOH aerogels have higher mechanical performances.
Conclusion
Absolute molecular masses and molecular mass distributions of TOCs and TOCNs are obtained by SEC-MALLS analysis of their solutions in LiCl/DMAc, after selective methyl esterification of carboxyl groups in TOCs and TOCNs with trimethylsilyldiazomethane. 
